In this study, a highly accurate, fast and practical separation/enrichment technique is described to determine the Pb in tap water samples by graphite furnace atomic absorption spectrometry. For this purpose, at first, Pb was collected on montmorillonite by batch technique, the supernatant was decanted and the solid phase was slurried in a mixture of 0.1% Triton X-114 and 0.1 mol L -1 HNO3 then directly introduced into graphite furnace without elution. Since the elution step was not applied, the method was simpler and faster compared to conventional techniques. The risks of elution step on the precision and recovery were eliminated. Up to 50-fold enrichment could be obtained by this method. The limit of detection (3δ, N = 10) and characteristic concentration of the method for Pb were 0.46 and 1.13 μg L -1 , respectively. In addition, the Pb in water samples (tap and river) collected from different regions of Turkey were determined.
Introduction
Heavy metal pollution causes many health and ecological problems. Pb and its compounds are extremely toxic to humans even at low levels, causing damage to the brain and nervous system, and could lead to behavior and learning problems as well as hyperactivity. 1 Therefore, determination of Pb in various matrices even in small concentrations is important. Natural clays are low-cost and effective metal sorbents due to their relatively large surface area and a net negative charge that can attract cations. 2 Among various clays, especially montmorillonites have small crystals, large surface areas and high cation exchange capacities. 3 Barbier and coworkers were able to extract Pb and Cd from aqueous solutions using montmorillonite, while Zhang and Hou investigated the adsorption behavior of Pb on montmorillonite. 4, 5 Bhattacharyya and Gupta also investigated the effect of acid activation on the adsorption of Pb on montmorillonite. 6 A separation/enrichment procedure is compulsory if the concentration of the analyte is below the limit of detection and/ or the interferences cannot be eliminated. The most common separation/enrichment method is solid phase extraction (SPE). For this purpose, conventionally, the analyte is collected on a sorbent using various functional polymeric resins, metal oxides, bacteria, industrial wastes, biomasses etc. by batch or column method as on-line or off-line and subsequently it is desorbed by means of an eluent for measurement. [7] [8] [9] However, the elution step is the most critical step of a separation/enrichment technique and has some risks such as high blank values from eluents, incomplete and irreproducible elution yields and causing environmental pollution. Therefore, the accuracy, precision and limit of detection are highly influenced by the elution step. In a few studies, in order to eliminate the elution step and its risks, analyte elements were co-precipitated with a gathering precipitate or collected on a sorbent and determined after slurry sampling of the sorbent. [9] [10] [11] [12] [13] [14] [15] [16] The slurry sampling analysis of the sorbent loaded with the analyte is fast, environmentally-friendly and the risks of error and low precision due to incomplete and irreproducible elution efficiency are eliminated. On the other hand, the most important critical parameter of this method is to suspend the solid phase (the sorbent) particles homogeneously and to maintain its stabilization during the entire analysis. [9] [10] [11] 15 In this study, Pb was collected on montmorillonite by batch technique, then the sorbent loaded with the analyte was slurried and pipetted directly into the graphite furnace of a high resolution continuum source atomic absorption spectrometer (HR-CS GF AAS). The most important advantage of this method was the elimination of the elution step and its potential risks. The method was applied for determination of Pb in a certified reference waste water and some water samples.
Experimental

Apparatus and reagents
An Analytik Jena ContrAA 700 high-resolution continuumsource atomic absorption spectrometer equipped with a transversely heated graphite furnace, MPE 60 autosampler (Jena, Germany) and a 300W xenon short-arc lamp (XBO 301, GLE, Berlin, Germany) was used for all measurements. Highpurity water was obtained from a TKA reverse osmosis connected with a deionizer (Niederelbert Germany). For shaking of mixtures, an orbital VWR mini shaker (Radnor, USA) was used. A MRC Scientific Industries, Genie-2 Vortex (New York, USA) was used to agitate the slurry. The pH was controlled using WTW pH 340-A/SET2 pH meter (Weilheim, Germany). The wavelength was adjusted to 217.005 nm (±1 pixel). Argon was used as a purge gas and gas-flow was stopped in the atomization step. A Precisa XR 205SM-DR balance (Dietikon, Switzerland) with 0.01 mg readability was used for all weighings. The separation was performed using an MRC Scientific Industries centrifuge (London, UK). All solutions were pipetted as 10 μL. Optimized graphite furnace program conditions are given in Table 1 .
All chemicals were of analytical grade (Merck, Germany), while certified reference material and waste water (HPS-CWW-TM-E) were bought from High Purity Standards (Charleston, USA).
Procedure
The montmorillonite K10 (CAS 1318-93-0) with 250 m 2 g -1 surface area was obtained from Sigma-Aldrich (Taufkirchen, Germany). First, 0.1 g of montmorillonite was precisely weighed and mixed with solution (blank, calibrant or sample); the pH was adjusted to 7 and the mixture was shaken using an orbital shaker at 900 rpm for 5 min and then transferred to a falcon tube to centrifuge at 6000 rpm for 5 min. The supernatant was decanted. The sorption efficiency of Pb was calculated from the concentration that remained in the supernatant. The montmorillonite that remained at the bottom of the tube was slurried using 2 mL of 0.1% Triton X-114 in 0.1 mol L -1 HNO3, mixed by a vortex for 1 min and introduced to the graphite furnace together with 10 μL of 1% NH4H2PO4 modifier. The scheme of the experimental procedure is given in Fig. 1 .
Results and Discussion
In the proposed technique, the experimental parameters for both quantitative sorption of the analyte and preparation of homogeneous and stable slurry of montmorillonite were optimized. In order to obtain quantitative sorption of the analyte on the sorbent, the effects of pH, sorbent mass and shaking time were examined. For the optimization of slurry conditions, the effects of the surfactant, the slurry volume, the concentration of slurry (the ratio of solid phase/slurry volume), effective shaking on the homogeneity and stability of the slurry were investigated.
Before all these experiments, the graphite furnace program was first optimized using a sample solution slurried with 0.1 g montmorillonite. As can be seen from Fig. 2 , 900 and 2000 C were selected as optimum pyrolysis and atomization temperatures.
Effect of pH
The interaction between the active groups of the sorbent and the analyte are influenced by the pH of the solution. As can be seen from Fig. 3 , when the pH was adjusted to 7.0 or above, the analytes were quantitatively (>90%) collected by montmorillonite. Therefore, all sorption procedures were performed at pH 7.0 because at higher pH values, Pb is precipitated as hydroxide. Actually, the sorption seems to be complete even at pH 10. It is likely that after centrifugation, the precipitate of Pb(OH)2 that remained on the bottom was not removed by decantation.
Effect of shaking time
The sorption of Pb on montmorillonite was investigated at different shaking times (1 -30 min) at pH 7.0 (Fig. 4) . The results indicated that the quantitative sorption was maintained in 2 min. Obviously, the effective binding of Pb to montmorillonite was quite fast (almost spontaneous). For the sake of safety, 5 min of shaking time was applied in all experiments.
Effect of sorbent mass
The effect of sorbent mass on the sorption of Pb is shown in Table 1 Graphite furnace program optimized for the determination of Pb (1% NH4H2PO4 was used as a modifier)
Step Since the concentrations of the Pb in real samples were expected to be much lower than those in the model solutions (0.01 μg mL -1 ), 0.1 g of sorbent was used safely throughout this study. The sorbent mass is an important parameter for slurry homogeneity and stability as well. As will be seen later, homogeneous and stable slurries could be prepared using 0.1 g of montmorillonite without any problem.
Effect of slurry volume
The slurry volume was optimized to obtain both homogeneous and stable slurries as well as to enrich the Pb concentration above the limit of detection (LOD). In a set of experiments, the amount of montmorillonite was kept constant whereas the slurry volume was changed between 2 and 10 mL. By considering the slurry stability and homogeneity, slurries were prepared as 0.1 g montmorillonite in 2 mL. The slurries prepared were easily pipetted without causing any clogging in the autosampler tip, and remained stable throughout the analysis. Moreover, the enrichment factor was enough to detect the Pb in the samples of river and tap water analyzed. However, it was found that the Pb concentration could be determined without any problems.
Effect of sample volume
In order to enrich the analyte concentration above LOD, the sample to slurry volume ratio should be sufficiently high. Since the slurry volume was fixed at 2 mL, the effect of sample volume on the recoveries were studied. Sample volumes between 10 and 100 mL were studied. As shown in Fig. 6 , quantitative recoveries were obtained up to 100 mL of sample volume, meaning that a 50-fold enrichment was successfully maintained. However, in all quantifications in this paper, 10-fold enrichment was applied.
The stability of slurry
At optimized conditions, the recovery was quantitative (>90% in a waste water CRM) and the reproducibility was satisfactory (RSD <10%), this which reveals that in addition to the quantitative sorption of Pb on montmorillonite, the sorbent was effectively precipitated, homogeneously dispersed, stayed stable throughout during the whole analysis (short-term stability) and successfully introduced in the graphite furnace.
Homogeneity and stability were maintained by using a vortex and a surface active reagent. Different types of surfactants (i.e. Tween-20, Triton X-110 and Triton X-114) in different concentrations (i.e. 0.01 to 1%) and solutions (i.e. water, 0.1 mol L -1 HNO3 and 1 mol L -1 HNO3) were tried. The best stability was obtained using 0.1% Triton X-114 in 0.1 mol L -1 HNO3 solution. The clay is dispersed upon entering the surfactant between the layers of montmorillonite. The dispersion and stability depend on the interaction of the surfactant with montmorillonite, which in turn related to both the molecular structure of the matter and the surfactant. Since many parameters are responsible for the interaction of the surfactant with montmorillonite in complicated ways, the best way to determine the most suitable surfactant is experimental. In the presence of Triton X-114, the slurry stayed homogeneous during the entire measurement, which provided more reproducible and controllable results. In addition, the blank value of Triton X-114 was the lowest. Slurries were agitated one more time using a vortex for 1 min right before transferring to the autosampler vials.
Diverse ion effect
In order to determine the effect of diverse ions, different ions with different concentrations were added to sample solutions and recovery of Pb was calculated. The effects of some common diverse ions on the recoveries of Pb are shown in Table 2 . The sorbent has shown high tolerance to the ions studied. 
Method validation
The limit of detection (LOD) and the limit of quantification (LOQ) of the method were calculated according to 3 and 10 times the standard deviation (σ) of a blank solution of slurried montmorillonite pipetted 10 times, i.e. 3σ/slope of calibration curve, and 10σ/slope of calibration curve (N = 10), respectively. The LOD and LOQ values were 0.46 and 1.53 μg L -1 , respectively. On the other hand, the characteristic concentration for Pb, which is a measure of sensitivity and corresponds to the concentration to obtain 0.0044 A, was calculated as 1.13 μg L -1 (0.0044/slope of calibration curve).
In order to test the accuracy of the method, a waste-water certified reference material (HPS-CWW-TM-E) was used and no significant difference was found between the certified and determined values at 95% confidence level, which proved that the procedure was accurate for Pb determination. In addition, the effect of sample matrix on the accuracy was controlled by spike recovery test.
As shown from Table 3 , the Pb concentrations added to a tap water sample were recovered above 95%. Finally, the concentrations of Pb in some water samples (tap and river) collected from different regions of Turkey are given in Table 4 .
Conclusion
In this separation/enrichment procedure, the experimental parameters for quantitative sorption of Pb on montmorillonite as well as preparation of its homogeneous slurry were optimized. It was proved that the Pb in various water samples could be quantitatively sorbed on montmorillonite that was then successfully analyzed by slurry analysis in GFAAS. In the proposed procedure, the elution and its potential risks due to incomplete and/or irreproducible elution efficiency, high blank values from eluents, and environmental pollution from eluents (mostly mineral acids) were eliminated. In addition, the method is fast due to elimination of the elution step. ), N = 3. ), N = 3.
